The wealth of sequenced genomes has spawned a variety of powerful genomic-scale approaches to identify the genes, proteins, and RNAs in an organism, to define individual functions of genes, and to map the interactions between them that underlie cell and organismal biology (Bader et al. 2003; Phizicky et al. 2003; Hughes et al. 2004) . High-throughput genomic analyses have provided unprecedented views of gene function and of networks of interactions connecting genes (Uetz et al. 2000; Gavin et al. 2002; Giaever et al. 2002; Ho et al. 2002; Tong et al. 2004) . The study of entire genomes has also highlighted some of the complexities involved in gene and protein characterization, such as the difficulties in identification of bona fide genes from genomic sequence (Basrai et al. 1997; Blandin et al. 2000; Kumar et al. 2002; Oshiro et al. 2002; Cliften et al. 2003; Kellis et al. 2003; Kessler et al. 2003) and the need to examine proteins for processing and multiple post-translational modifications (Zhu et al. 2000; Huang et al. 2004; Kus et al. 2005 ).
The parallel assay of whole proteomes, using genomic collections of purified proteins derived from cloned genes (Martzen et al. 1999; Zhu et al. 2000) , has provided a powerful approach for searching for proteins (and their cognate genes) with particular biochemical activities (Alexandrov et al. 2002; Gu et al. 2003; Jackman et al. 2003; Ma et al. 2003; Bieganowski and Brenner 2004) , for characterizing the global sets of proteins that bind particular ligands (Zhu et al. 2001; Hazbun and Fields 2002) and for identifying substrates of enzymes that mediate post-translational modifications of proteins (Zhu et al. 2000; Kafadar et al. 2003; Ubersax et al. 2003; ). However, previous genomic collections of this type have been deficient with respect to both gene and protein coverage due to the introduction of mutations during cloning, incomplete/incorrect annotation of genes in the collections, and fusion of affinity tags to the N termini of cloned genes, which is likely to interfere with targeting of proteins destined for the secretory pathway. This latter problem is particularly acute since as many as 20%-30% of eukaryotic proteins have been estimated to be membrane or secreted proteins (Krogh et al. 2001) .
We describe here a new library of yeast ORFs for use in high-throughput biochemical and genetic analyses that overcomes the most significant limitations of previous libraries and extends the uses of these types of libraries. This collection consists of two parts: a library of extensively sequence-analyzed plasmids, which provides a versatile collection of yeast ORFs that can be rapidly transferred to new vectors for different applications (hence the name MORF, for moveable ORF), and a parallel library of yeast strains, each expressing the corresponding ORF as a C-terminal ORF fusion protein under tightly regulated transcriptional control. The new collection is based on recent annotation of the yeast genome and is made with high-efficiency and high-fidelity cloning procedures, providing the most complete collection of ORFs available for any organism. The use of a C-terminal tandem affinity tag allows efficient purification of ORF products, including transmembrane and secreted proteins. The utility of the MORF collection was demonstrated by analysis of expression of the genomic collection of ORFs, by examination of growth inhibition caused by overexpression, and by global analysis of glycosylation of the expressed proteins, a test of the usefulness of the collection for proteins that transit the secretory pathway.
Results

The MORF collection contains 5854 sequence-analyzed ORFs
The MORF collection was designed to maximize gene and protein representation in a high-quality expression library featuring movable ORFs. A collection of 6426 yeast ORFs including all ORFs annotated in SGD (Balakrishnan et al., August 2002) and 46 tORFs identified by transposon insertions (Kumar et al. 2002) was amplified by PCR and cloned into a yeast expression vector with directional att sites via Gateway recombination (Fig. 1) ; ORFs from this vector can be transferred by site-specific recombination to other att-containing vectors (hence, the name MORF, moveable ORF). Yeast proteins are expressed under P GAL promoter control, starting at the natural N-terminal methionine and ending with a fusion of the C-terminal amino acid to a tag consisting of His6, an HA epitope, a protease 3C cleavage site, and the IgGbinding domain from protein A (Fig. 1) .
The MORF collection currently contains 5854 ORFs, consisting of 91.1% of the target ORFs and 93.2% of the currently verified ORFs in SGD (Balakrishnan et al., May 2005) . The identity of the cloned ORFs, as well as information on their sequencing, size, and expression in yeast and the primers used to amplify them, are shown in Supplementary Table S1 . Each insert was sequenced from both ends, yielding an average of 1078 base pairs (bp) per ORF, and resulting in the complete sequence verification of 3217 ORFs (55%). Although all clones with mutations were remade, 45 ORFs had identical mutations isolated repeatedly from independent PCR amplifications. Twenty-nine of these were reproducible missense mutations and were included in the collection, while 16 ORFs had reproducible insertions or deletions and were not included in the collection (Supplementary   Table S2 ). These differences presumably represent either errors in the yeast sequence or polymorphisms between our template strain (BY4700) and the sequenced strain. Based on our sequence analysis, the proofreading polymerase introduces ∼0.7 errors per 10,000 bp; thus, <200 (188) of the incompletely sequenced clones should contain a mutation.
High expression of proteins in the MORF collection, including membrane proteins
The presence, amount, size, and quality of 5573 ORF fusion proteins were examined after transformation into yeast and galactose induction. Fusion proteins were detected from 5188 yeast ORFs (93%) in whole yeast cell lysates by immunoblot analysis using antibody to the HA epitope. Most fusion proteins appear to be intact in vivo, based on detection of a single prominent protein of the expected size ( Fig. 2A,B) . Only 130 proteins migrate significantly smaller than expected, and 95 of these are larger than 80 kDa, a size class that is not accurately measured on SDS-PAGE. Others in this class may be proteolyzed or may have transferred poorly during immunoblotting, resulting in a failure to detect the full-size protein. Many proteins that migrate significantly larger than expected in SDS-PAGE are likely to be glycoproteins, based on enrichment for proteins localized to the cell wall (9.3% of this set compared with 1.2% in the MORF collection), known glycoproteins (8.6% compared with 3%), and secreted proteins (15% compared with 5.3%).
We find substantial variations in the levels of protein expression of different ORFs ( Fig. 2A,C) . The expression levels of the ORFs were classified into three categories: high (∼1 + mg/L), medium (∼0.1 mg/L), and low (∼0.01 mg/L). Fully 3543 ORF fusion proteins (63%) are expressed at medium or high levels (Fig. 2C) , facilitating biochemical analysis. In general, larger ORFs are expressed at lower levels than smaller ORFs (Fig. 2D) , perhaps due to lack of translational processivity (Arava et al. 2003) . In addition, proteins with a lower pI, as well as those with increased codon bias and codon adaptation index, exhibit better expression on average (Balakrishnan et al., May 2005; Supplementary Fig. S1 ).
Because of the preservation of N-terminal signal peptides, the MORF collection is well suited for the expression of membrane-associated and secreted proteins, which have been generally understudied due to their lack of solubility and difficulties in their purification. Based on the program TMHMM, nearly 20% of the MORF proteins (1064 out of 5503 examined) are potential integral membrane proteins (Krogh et al. 2001; Kall and Sonnhammer 2002) ; of these, 931 (87%) are expressed in the MORF collection (Fig. 3A) . Contrary to the prevailing view that it is difficult to express membrane proteins at high levels, almost the same fraction of membrane proteins (23%, 247) are in the high-expression category, as observed for the entire collection; for 164 of these, there is independent localization data consistent with membrane character Balakrishnan et al., May 2005) . However, proteins with large numbers of transmembrane domains exhibit reduced expression (Fig. 3B) . Similarly, 95% of the 290 secreted proteins, predicted by the SignalP program (Nielsen et al. 1997; Bendtsen et al. 2004) , are expressed (Fig. 3A) . Thus, the vast majority of yeast membrane and secreted proteins can be readily expressed using the MORF collection.
Intrinsic ORF/protein properties affect native cellular abundance
Because transcription of the MORF collection is driven by a strong regulated promoter, we expected to find more comprehensive expression of MORF proteins than was found with two chromosomally tagged collections (Ghaemmaghami et al. 2003; Huh et al. 2003 ) that also employ C-terminal ORF fusions. Almost all (3816, 96%) of the 3966 ORFs that were detectable with either a GFP or a TAP chromosomal C-terminal tag and were assayed for expression in the MORF collection (Ghaemmaghami et al. 2003; Huh et al. 2003) are also expressed in the MORF collection (Fig. 4A ). An additional 1223 ORFs express detectable amounts of protein only in the MORF collection, but not in either chromosomal collection, indicating that the use of a strong inducible promoter can enhance expression of normally rare cellular proteins. Moreover, over half of the proteins that were not detectable in the MORF collection were also not detected with either chromosomal C-terminal tag (192 of 342 common targets). It is possible that the C-terminal tag itself may destabilize this set of proteins, consistent with the observation that 7%-13% of essential proteins could not be tagged at their C terminus in the chromosome (Ghaemmaghami et al. 2003; Huh et al. 2003) . Of the 150 proteins that could not be detected by immunoblotting from the MORF expressing strains, but were detected in the chromosomal collections, 42 were only visualized with the GFP fluorescent tag and were not detectable with the chromosomal TAP tag.
Analysis of the expression data from the MORF and chromosomal-tagged collections reveals a strong correlation between the native abundance of the protein (Ghaemmaghami et al. 2003) and its expression in the MORF collection (Fig. 4B ). The median number of endogenous molecules per cell measured with the chromosomal TAP tag (Ghaemmaghami et al. 2003 ) is almost twofold higher for ORFs of the MORF library that are in the high-expression category compared with those in the low-expression category (3030 vs. 1590 molecules per cell) (Supplementary Table S3 ). We conclude that most ORFs and/or proteins contain intrinsic information in their DNA, RNA, and/or protein sequence that influences their overall level of expression.
Forty-eight dubious ORFs are efficiently expressed and likely authentic
Despite more than 40 years of genetic analysis and almost 10 years since the yeast genome was sequenced (Goffeau et al. 1996) , for many ORFs, both the identity and existence of their encoded proteins is still in doubt. SGD classifies yeast ORFs into three categories: verified and uncharacterized ORFs, which are supported by strong evidence including the existence of orthologs in other species (Cliften et al. 2003; Kellis et al. 2003; Balakrishnan et al., May 2005) ; and dubious ORFs, which lack orthologs in other Saccharomyces species and for which there is only limited evidence for their existence. We find that most dubious ORFS are expressed very poorly, if at all. As shown in Figure 4C , 70% of dubious ORFs are either not detected or are expressed at low levels (24% and 46%, respectively), whereas only 31%-32% of verified or uncharacterized ORFs are poorly expressed. Since most dubious ORFs probably do not encode cellular proteins, we infer, as have others, that these nonnative polypeptides are rapidly degraded (Friedlander et al. 2000) . Strikingly, 48 dubious ORFs are expressed at high levels (Supplementary Table S4 ), which demonstrates that they encode stable polypeptides and provides some evidence that these ORFs encode functional proteins. For 12 of these highly expressed dubious ORFs, there is some independent evidence of their existence: (1) Two ORFs (YGR151C and YOR105W) were observed with a chromosomal tag (Ghaemmaghami et al. 2003; ; (2) two ORFs (YBL077W and YDR396W) are essential (Giaever et al. 2002; Hazbun et al. 2003) ; (3) two ORFs (YBR126W-A and YDL114W-A) were identified in other studies as having recognizable homologs (Kumar et al. 2002; Blandin et al. 2000) ; (4) two ORFs (YER087C-A and YOR300W) have been associated with phenotypes and given names (Toikkanen et al. 1996; Kang and Jiang 2005) ; and (5) four ORFs (YDL240C-A, YGR011W, YNR005C, and YOL099C) cause slow growth on galactose, glycerol, and ethanol.
Inhibition of cell growth due to overexpression of proteins affecting the cytoskeleton, transport, and transcription
Although numerous previous screens have identified genes whose overproduction (or misexpression) is delete- All ORFs tagged and analyzed in both collections were compared. An additional 551 ORFs from which expression was detected using chromosomal tags are not included in the analysis since they were not tested in the yeast MORF collection; 208 of these have been cloned in the MORF collection, but not examined in yeast. (B) Comparison of expression levels of chromosomally tagged collection and MORF collection. Proteins in high (yellow) and low (blue) expression categories were binned based on the estimates of the native number of molecules per cell, as measured with chromosomal TAP tags (Ghaemmaghami et al. 2003) . The upper limits of these estimates are shown on the X-axis, which is a log scale. Dubious ORFs, as well as MORF clones, severely compromised for growth on raffinose or raffinose + galactose were discarded prior to analysis. (C) Analysis of expression of verified, uncharacterized, and dubious ORFs. rious to cell growth (Liu et al. 1992; Ramer et al. 1992; Espinet et al. 1995; Akada et al. 1997; Stevenson et al. 2001; Boyer et al. 2004 ), a systematic analysis of a genomic collection of ORFs that are represented equally has not been carried out previously. We therefore screened the MORF collection for genes that severely inhibit growth in a dosage-dependent manner by growing the strains on carbon sources expected to induce protein expression to different degrees: glucose, in which repression is nearly complete; raffinose, in which there is very low expression due to partial loss of glucose repression; raffinose + galactose, the standard condition causing moderate induction of the MORF proteins; and galactose + glycerol + ethanol, resulting in maximal induction of the MORF proteins.
Almost all strains grow well under repressing conditions, and only a single MORF encoding TOM22, an essential component of the mitochondrial outer membrane translocase (Wiedemann et al. 2003) , causes severe growth defects on raffinose. However, incubation under moderately inducing conditions (raffinose plus galactose) resulted in lack of growth for 88 (1.6%) MORF strains ( Fig. 5A ; Supplementary Table S5 ) and an even larger number, 371 strains, fail to grow (or are very sick) in galactose + glycerol + ethanol medium. The fact that relatively few strains fail to grow under protein-induction conditions (88) demonstrates that lethality caused by protein induction is not a significant problem for production of proteins. Because 67 of these strains still produce fusion protein, ORF-induced lethality is not significant during the relatively short induction time used for protein production (6 h).
Surprisingly, 36 of the 74 characterized genes that inhibit growth on galactose + raffinose are enriched in a subset of biological processes, molecular functions, or locations, as determined by gene ontology (GO) analysis ( Fig. 5B ; Balakrishnan et al., May 2005) . For example, 16.6% of these 74 genes are classified with the GO term "cytoskeleton organization and biogenesis" compared with 4% overall in the genome (P-value = 2.8 E −06
). As pointed out by Liu et al. (1992) , who noted a similar enrichment for cytoskeletal components in a previous screen, lethality can be explained if stoichiometric ratios of these proteins are important for growth. The lethality associated with specific functions is also indicated by the inclusion in this group of both components of the twocomponent response regulator, two of three proteins involved in ammonia transport, and three of four involved in microtubule depolymerization. These examples clearly demonstrate the specificity of overproduction lethality as a phenotype.
A similar analysis of the 371 ORFs that inhibited growth on galactose + glycerol + ethanol both confirmed specific categories seen with the galactose + raffinose genes and added new categories. Lethal genes are significantly enriched for transcriptional regulators (13.7% in the raffinose set and 12.3% in the glycerol + ethanol set, compared with 4.4% in the genome) indicating the importance of maintaining proper expression of such proteins in the cell (Supplementary Table S6 ), presumably because they regulate batteries of other genes. In the larger set, we also observe significant enrichment of proteins involved in transport (74 genes) and in protein import (17 genes) as well as those localized to the mitochondria (105 genes, P = 8 E −14 ), which might be suspected since growth on glycerol and ethanol relies on aerobic respiration and the mitochondrion.
Global analysis of protein glycosylation
We have used the MORF collection to globally analyze protein glycosylation, a post-translational modification integral to the function and regulation of many proteins Functions defined by MORF strains that fail to grow in galactose + raffinose. The 88 genes of MORF strains that fail to grow in galactose + raffinose are grouped according to biological or molecular function as defined using the SGD Gene Ontology Term Finder at http://db.yeastgenome.org/ cgi-bin/GO/goTermFinder. The percentage of ORFs in a particular GO category is shown for the 88 lethal genes (yellow) and the genome (blue). The data are plotted in order of decreasing Pvalues in the Biological GO groups through regulation of nitrogen metabolism; Molecular Function GO groups are shown next. The P-values range from 1.99E-6 to 6.5E-3, and individual values are reported in Supplementary Table S6 together with categories enriched by growth on galactose, glycerol, and ethanol. The P-values for the transcription regulators category are 4.8E-04 among the 88 galactose + raffinose set and 1.97E-09 among the galactose, glycerol, and ethanol set, although they are enriched to nearly the same representation in both sets of genes. (Helenius and Aebi 2004) . Although 20%-50% of proteins in eukaryotes are predicted to be glycosylated (Apweiler et al. 1999) , the number of known glycosylated proteins is quite small (171 in the Saccharomyces cerevisiae genome [Csank et al. 2002] ). The difficulties with studying glycoproteins are significant and include heterogeneous glycan populations created by stepwise and nontemplated processing, difficulty in preparation of the proteins, and the lack of strong predictions of glycosylation (particularly for O-linked). The C-terminally tagged MORF collection is particularly well suited to the largescale analysis of glycosylation because it preserves the native N terminus of the proteins, allowing native processing to occur.
Using the MORF collection, we prepared a protein chip of 5573 proteins and probed it using a polyclonal antibody that recognizes yeast glycans ( Fig. 6A ; see Materials and Methods). Five-hundred-nine putative glycosylated proteins that reproducibly reacted with the antibody were identified (Supplementary Table S7 ). We evaluated effectiveness of the detection of glycoproteins with two metrics: coverage (defined as percentage of known glycoproteins identified) and fold-enrichment (defined as the percentage of known glycoproteins in the candidate list divided by the percentage of known glycoproteins in the entire collection). Significant coverage was achieved despite using a stringent cutoff, identifying 40% (55 of 136) of known glycoproteins present on the chip and 67% (20 of 30) of known GPI-anchored proteins (the GPI anchor is a glycolipid). Furthermore, known glycoproteins constitute 10.8% of the antibody-reacting set of 509 proteins, but only 2.4% of the entire collection. This dramatic enrichment of known glycoproteins and GPI-anchored proteins in the antibody-reactive set (4.5-fold and 7.8-fold, respectively) (Fig. 6B) suggests that the proteins identified by the antibody are likely to be glycosylated. Additionally, the antibody-reactive proteins are 2.7-fold enriched for cell-wall proteins (Balakrishnan et al., May 2005) , 2.9-fold enriched for proteins containing predicted signal peptides (Nielsen et al. 1997; Bendtsen et al. 2004) , and 1.9-fold enriched for proteins that migrate Ն30% slower than expected by SDS-PAGE.
To compare glycosylation of the C-terminally tagged MORF collection with an N-terminally tagged collection, we probed a yeast protein chip containing 4300 unique proteins tagged at their N termini with GSTHis6, using conditions identical to those used with the MORF protein chip. In contrast to the MORF collection, the N-terminally tagged collection had inefficient coverage of known glycoproteins; of 269 antibody-reactive proteins, we observed only 8% coverage (seven of 87) of known glycoproteins, and 5% coverage of known GPI- 
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anchored proteins (one of 19). Furthermore, antibody-reactive proteins from the N-terminal library were not significantly enriched for known glycoproteins (1.3-fold) or GPI-anchored proteins (0.8-fold) (Fig. 6B) .
To independently assess whether or not the antibodyreacting proteins are authentic glycoproteins, we digested individual proteins in solution with two enzymes that remove N-linked glycans (Endo H and PNGase F), and screened for a mobility shift of the protein on SDS-PAGE ( Fig. 7A; Supplementary Table S7 ). We initially set up the test using 49 individually purified, known N-and O-linked glycoproteins that reacted with the antibody on the protein array as positive controls and 19 nonreactive, soluble MORF proteins as negative controls. Thirtythree of 49 known glycoproteins exhibit a mobility shift after digestion, including 21 of 25 (84%) known N-linked glycoproteins. None of the 19 negative control proteins exhibited a mobility shift after digestion, as expected. Thus, overall we find that ∼67% of known glycoproteins exhibit altered mobility after enzyme treatment.
Endo H/PNGase treatment of 344 individual candidate glycoproteins resulted in direct confirmation (by mobility shift) of 109 new glycoproteins, more than doubling the number of known N-linked glycoproteins in yeast. Based on the observation that 31.7% of 344 candidates were confirmed by mobility shifts after Endo H/PNGase treatment, we extrapolate that ∼35 of the 110 remaining candidates would be confirmed by this assay as N-linked glycoproteins (Fig. 7B) . Moreover, because only 67% of known glycoproteins exhibit an altered mobility shift, it is likely that nearly half (47%) of the 454 previously unknown candidates identified in our screen are bona fide glycoproteins. In summary, we demonstrate a robust method for identifying post-translational modifications and greatly increase the number of known glycoproteins present in yeast.
Biochemical activities are efficiently detected using MORF protein pools
The MORF library is also highly useful as a resource for parallel enzymatic analysis of the proteome by the biochemical genomics approach (Martzen et al. 1999; Phizicky et al. 2003 ). Using pools containing 96 different MORF proteins purified on IgG Sepharose, we could easily detect the activity of three proteins known to catalyze tRNA modification reactions (Fig. 8A) . Both members of a two-component tRNA methyltransferase complex were detected in different pools, demonstrating that there was sufficient sensitivity to detect copurification of an active complex when only one component is overproduced, as also reported previously for a GST-ORF fusion library (Alexandrov et al. 2002) . In addition, we detected another methyltransferase responsible for m 2,2 G formation that could not be detected earlier (Fig. 8A) . Detection of generic phosphatase activity using paranitrophenylphosphate was so sensitive that we could observe hydrolysis from the Pho13p-expressing yeast strain with protein derived from as little as 80 nL of culture (Fig. 8B ). This high sensitivity is almost entirely due to Figure 8 . Biochemical activities are detected in the correct, individual protein pools with high sensitivity. MORF strains from each 96-well plate were pooled as described previously (Martzen et al. 1999; and grown, and proteins were purified on IgG sepharose followed by cleavage with 3C protease as described in the Supplemental Material. (A) Detection of two activities that modify single specific nucleotides in tRNA the near absence of background using the highly selective IgG purification procedure.
Discussion
Genomic collections of ORFs have been central to the development of technologies in functional genomics (Hudson Jr. et al. 1997; Uetz et al. 2000) . Findings from these studies have led not only to the identification of individual gene functions, but also to an appreciation of the overall organization of cellular networks. The MORF collection is the most complete set of cloned ORFs described for any eukaryote to date (Lamesch et al. 2004) , containing 93% of verified yeast ORFs. The collection is also of very high quality, since over half of the ORFs in the collection (3217) are completely sequenced with an average of 1078 bp of sequence for each ORF in the collection. In addition, we examined protein expression from a yeast transformant for each ORF, and in 187 cases in which expression was not detected in the first transformant, or the size of the expressed protein was sufficiently different than expected, a second transformant that behaved better was tested and saved. We suspect that for many of these cases, rearrangements of the clones might have occurred as reported previously (Clancy et al. 1984) . The use of both DNA sequencing and protein expression has helped produce a high-quality collection of yeast clones and expression strains. The yeast-expression collection is expected to be superior to previous collections that fused GST to the N terminus of each yeast ORF in that it uses a new genome annotation and has higher quality-control checks. Nonetheless, the use of both collections is expected to be particularly useful for yeast research, since for any protein, a particular tag or the location of that tag may affect its function.
In this work, we have demonstrated the value of the MORF protein collection both as a source of the yeast proteome, allowing the direct analysis of the glycome, and as a source of biochemically active proteins, facilitating linkage of activities to genes. The benefits of homologous expression in yeast are underscored by comparison to collections from Caenorhabditis elegans, in which proteins are expressed in Escherichia coli, resulting in expression of ∼50% of ORFs and solubility of ∼20% of ORFs (Luan et al. 2004) . In contrast, 93% of the proteins in the MORF collection are expressed in yeast, and the large majority of these are soluble (Supplementary Fig. S2 ; data not shown). Many other factors that impact protein function are also preserved by expression in yeast, including normal post-translational modifications such as phosphorylation or glycosylation, correct subcellular localization, and association with interacting proteins that may be essential for enzymatic function (see Alexandrov et al. 2002) . Thus, the MORF library can be used for large-scale preparation of highly purified, correctly processed, and modified proteins at quantities suitable for functional studies or structural biology ( Supplementary Fig. S2 ).
The MORF collection creates a permanent source of the yeast ORFs and is itself useful for a number of different purposes. Since the yeast ORFs are cloned into a movable vector, they can be used for multiple different purposes by shuttling them into appropriate vectors using the Gateway system, which has also been exploited for the C. elegans collection (Reboul et al. 2003) . This is of particular importance for genomic studies, since new approaches and vectors are constantly being generated. Moreover, due to the clonal nature of the yeast and E. coli collections, this library will be useful as a collection of verified cloned ORFs for systematic genetic analyses such as multicopy suppressor screens. Both the yeast and E. coli MORF collections are currently available from Open Biosystems http://www. openbiosystems.com. This is the first study in which protein and ORF differences that may affect expression in the host organism were examined. Factors correlated with higher expression include an increase in measured native abundance, codon bias and codon adaptation index, and a decrease in median pI and median size (Supplementary Table S3 ). Since many of these properties change to a relatively minor degree relative to the range of these variables, we also examined the distribution of ORF/protein properties of just the verified and uncharacterized ORFs in each expression category. This analysis revealed that decreased protein size (Fig. 2D ) and increased native abundance (Fig. 4B) were the major factors affecting expression level. Our results suggest that intrinsic parameters affect protein abundance in yeast. Such factors might include transcription elongation, mRNA decay, protein synthesis, or degradation; these factors can be investigated in future studies.
We took advantage of the native N termini of proteins expressed from the MORF collection to perform the first systematic survey of glycosylated proteins in yeast. We identified 454 new candidate glycoproteins, 109 of which were confirmed to be modified with N-linked glycans, nearly doubling in one experiment the known yeast glycome. As expected, N-linked glycoproteins are strongly enriched for components of the cell wall and membranes, as determined by GO analysis (Balakrishnan et al.) , consistent with the known roles of glycosylation in the secretory system (Helenius and Aebi 2004) . Surprisingly, the confirmed N-linked glycoproteins also include three transcription factors (YLR266C, Adr1p, and Sok2p) and a cytosolic kinase (YNR047W), suggesting that glycosylation has other important functional roles, as also described earlier (Guinez et al. 2005) . We speculate that the identification of this large set of glycosylated proteins will stimulate rapid definition of their functions, and that there will be a varied spectrum of unanticipated roles of this modification, as has proven true of the phosphorylome.
Materials and methods
Construction, analysis, and transformation of the MORF collection
Each ORF was amplified using primers listed in Supplementary Table S1 (Illumina) (0.5 µM) with 2.5 U either Pfx (Invitrogen) or Yeast proteome analysis with a MORF library
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Pfu Ultra (Stratagene) polymerase, 0.2 mM dNTPs, and 100 ng of S. cerevisiae genomic DNA (strain BY4700, MATa ura3⌬0, [Brachmann et al. 1998 ]) in 50 µL reactions. Two cycling conditions were used: (1) 95°C for 2 min, 5 cycles of 95°C for 30 sec, 54°C for 30 sec, 72°C for 6.5 min, 28 cycles of 95°C for 30 sec, 62°C for 30 sec, and 72°C for 6.5 min, followed by 10 min at 72°C; or (2) 95°C for 2 min, 5 cycles of 95°C for 30 sec, 62°C (−4°C/cycle) for 1 min, 72°C for 8 min, 5 cycles of 95°C for 30 sec, 47°C (+4°C/cycle), 72°C for 8 min, 27 cycles of 95°C for 30 sec, 57°C for 1 min, and 72°C for 8 min, followed by 10 min at 72°C. PCR products of the correct size, visualized with ethidium bromide and long-wave UV, were excised from 1% agarose-TAE gels and gel-purified (Qiaquick 96, QIAGEN). BP recombination reactions (5 µL) into the Gateway entry vector pDONR221 (150 ng) were done according to the manufacturer's instructions (Invitrogen) and incubated overnight at 25°C. Half of these were incubated directly in LR reactions (6 µL) containing BP recombination reactions (3 µL), 150 ng BG1805 DNA, 0.6 µL LR clonase, 0.6 µL 10× LR buffer (Invitrogen) at room temperature overnight, treated with Proteinase K according to manufacturer's directions (Invitrogen) and used to transform competent DH5␣ E. coli (Invitrogen). The other half were directly transformed into competent DH5␣ E. coli, followed by selection on Terrific Broth (Invitrogen) with 50 µg/ mL kanamycin at 30°C. Candidate clones, identified from miniprep DNA, either by restriction digestion with BsrGI or analytical PCR with Taq polymerase and flanking primers (see Supplemental Material) were sequenced. ORFs from sequence-verified entry plasmids were recombined into the expression vector BG1805 by LR reaction (Invitrogen), followed by transformation, DNA preparation, and BsrGI restriction analysis to verify inserts.
Candidate clones were sequenced (Genaissance Pharmaceuticals) with BG1805 primers, F5 (5Ј-CATTTTCGGTTTGTAT TACTTCTTATTC-3Ј) and R3 (5Ј-GGACCTTGAAAAAGAA CTTC-3Ј), or pDONR221 primers BPF (5Ј-GTAAAACGACG GCCAG-3Ј) and BPR (5Ј-CAGGAAACAGCTATGA-3Ј). Clones with correct sequence of both vector and ORF (Ն100 bp) in both directions were acceptable; silent mutations as well as sequence coverage were recorded. In most cases, missing clones failed at the sequence verification step despite multiple attempts, including synthesis of new primers. The ORFs missing from the collection are enriched for longer ORFs (median length 1413 bp vs. 1089 bp for all targets) and for ORFs sharing a high degree of sequence identity with other ORFs (13.7% of uncloned vs. 4.6% of all targets). Expression plasmids containing sequence-verified ORFs were transformed into yeast (Y258 : Mata, 112 ) (see Zhu et al. 2001) ; two individual transformants were saved and either one or both were analyzed for protein expression and size by immunoblotting.
Detection of fusion proteins by immunoblot analysis
Yeast MORF strains, grown in 0.8 mL of SD-ura medium overnight, were washed with SC-ura/Raffinose, and 5 µL was diluted into 0.8 mL of SC-ura/Raffinose in a 96-well box (2 mL/well) with a 3.5-mm glass ball (PGC Scientific) to facilitate mixing. After growth at 30°C for 15 h, fusion protein expression was induced by addition of 0.4 mL of 3× YEP-Gal (3% yeast extract, 6% peptone, 6% galactose) for 6 h, followed by centrifugation of cells, washing with ice-cold water, and storage at −80°C. Crude lysates were obtained by lysing cells in 200 µL of Lysis Buffer 150 (50 mM Tris-HCl at pH 7.5, 150 mM NaCl, 1 mM EGTA, 10% glycerol, 0.1% Triton X-100, 0.5 mM DTT, 1 mM PMSF, 1× Complete protease inhibitors [Roche] ) by shaking for 6 min in a paint-shaker (5G-HD, Harbil) at 4°C with 250 µL of acidwashed glass beads (0.5 mm, Sigma), followed by centrifugation for 5 min at 2500 × g. Crude lysates (50 µL) and 5× SDS-loading buffer (12.5 µL) were heated for 5 min at 95°C, centrifuged at 2500 × g (5 min.), and resolved (12 µL) on SDS-PAGE gels (PANTERA-W, B-Bridge International or Criterion, Bio-Rad). Transfer of proteins to PVDF membranes (Immobilon-P, Millipore) with a semi-dry transfer apparatus (Fisher) was followed by staining with amido black, blocking of the membrane for Ն30 min in TBS-Tween containing 5% nonfat dry milk, overnight incubation in TBS-Tween with 1% milk and anti-HA antibodies (16B12, 1:1000 dilution, Covance), washing five times for 5 min in TBS-Tween, incubation with HRP-conjugated sheep anti-mouse IgG (Amersham) (1 h), washing five times for 5 min in TBS-Tween, and development with Supersignal West Chemiluminescent substrate (2:1 ratio of pico:femto reagent, Pierce).
Analysis of MORF strain growth on different carbon sources
Growth of yeast MORFs on SC-ura medium containing four different carbon sources (2% dextrose; 2% raffinose; 2% raffinose + 2% galactose: 2% galactose + 3% glycerol + 2% ethanol) was compared by plating 3 µL of yeast strains from 96-well frozen stocks that had been grown on SD-ura plates and transferred to 50 µL sterile H 2 0. Growth was scored following incubation at 30°C for 2-3 d.
Printing and probing proteins on slides
Purification of MORF proteins, both individually and in 96-well format, is described in the Supplemental Material. Purified proteins were printed onto FAST slides (catalog no. 10 486 111, Schleicher and Schuell) with a 48-pin contact printer (Bio-Rad ChipWriter Pro) as described in Zhu et al. (2001) . Control spots were included on each block of the array, consisting of elution buffer alone, GST-3C protease alone, and a threefold dilution series of purified Leu2p-His6-HA. In addition, fluorescently labeled proteins were placed in the corners of each block to aid in aligning the blocks. Slides were blocked with Superblock (Pierce) for 1 h at 4°C before incubating with primary antibody (16B12 anti-HA, Covance) at 1:4,000, or rabbit anti-yeast glycan at 1:10,000 in 1:4 Superblock:TBS-Tween for 1 h at 4°C. The anti-yeast glycan antiserum was a kind gift of Susan FerroNovick (Yale University, New Haven, CT) and was raised against intact mnn2 − mutant cells. Since mnn2 − mutant strains produce core glycans lacking ␣-1,2 mannose and ␣-1,3 mannose linkages, glycoproteins from this strain have exposed ␣-1,6 mannose linkages (see Ballou 1990 , and references therein). Slides were washed five times with TBS-Tween for 5 min before addition of secondary antibody (Alexa 647-coupled goat antimouse IgG; Molecular Probes) diluted 1:3,000 in 1:4 Superblock:TBS-Tween. After 1 h of incubation at 4°C, slides were washed again five times for 5 min in TBS-Tween, spun dry, and scanned in a Genepix 4200A slide scanner (Axon Instruments). Spot intensities were first background normalized by subtracting the median background of a local 22 × 22-spot sliding window from the foreground intensity of each spot. The corrected intensity of each spot was then compared with the distribution of intensities in a surrounding 8 × 8-spot window and assigned a standard deviation. The standard deviation scores for the duplicate spots of each protein were averaged and ranked; the cutoff score of 1.5 standard deviations in three of four slides was empirically chosen based on coverage and fold enrichment of known glycoproteins. Proteins that react with secondary antibody alone were discarded.
